Background. The source and route of autochthonous hepatitis E virus (HEV) infections are not clearly established in industrialized countries despite evidence that it is a zoonosis in pigs. We investigated the role of figatellu, a traditional pig liver sausage widely eaten in France and commonly consumed raw, as a source of HEV infection.
and Europe [1, 2] . Indeed, seroprevalence rates as high as 36% have been recently described, and an increasing number of autochthonous cases have been reported [1, 3] .
HEV transmission routes are not fully resolved in developed countries [1, 2, 4] . The virus has been detected in these areas in human sewage and molluscs without evidence of transmission to humans [5, 6] , and only anecdotal cases of infection through blood transfusion have been reported [7] . In contrast, a substantial body of data indicates that HEV infection is a porcine zoonosis, as pigs and wild boars are commonly infected [1, 2, 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Furthermore, hunting and occupational exposure to pigs have been linked with high HEV seroprevalence rates and cases of acute hepatitis E [1, 4, 19, 20] . Regarding the risk of zoonotic foodborne infection, transmission of HEV to humans from deer and wild boar meat has been documented using molecular and sequencing assays [21, 22] , and several cases of hepatitis E have been reported, mostly in Japan, after consumption of raw or undercooked wild boar or pig meats, in which no remaining food was tested [7, [23] [24] [25] [26] [27] . Concurrently, HEV RNA was detected in 1.9%-11% of raw pig liver pieces that were sold in grocery stores as food [28] [29] [30] [31] . Nevertheless, despite these findings that indicate the possibility of zoonotic foodborne HEV infection, the source and manner of viral transmission in industrialized countries has not been documented in most cases [1, 2, 4] .
In France, 1100 autochthonous cases are reported to the national reference center each year [29] . Most of them have occurred in the south, where 7 fatal cases have been reported [32] [33] [34] [35] . Moreover, HEV seroprevalence rates range from 3.4% in the north to 16 .6% in the south [19, 36] . Figatelli are traditional sausages from Corsica, France ( Figure 1A ). They are good candidates for HEV transmission because they are made with pig liver (their name means "small livers") and are commonly eaten uncooked, although their manufacture only includes smoking for a few days. Nearly 10 million kilograms are purchased every year in France, which represents about 30 million sausages. Taken together, the high HEV seroprevalence rate, the incidence and clinical impact of autochthonous hepatitis E, and the absence of a common documented route of HEV transmission in the general population warrant the evaluation of figatelli as a possible source of HEV infection in France. We report evidence based on epidemiological and virological findings that 5 cases of autochthonous acute hepatitis E were linked to ingestion of raw figatellu. Moreover, we detected by real-time polymerase chain reaction (PCR) and sequenced HEV RNA in 7 of 12 figatelli purchased in supermarket groceries in southeastern France.
PATIENTS AND METHODS

Study population.
Figatellu was suspected to be the source of autochthonous HEV infections diagnosed in 3 patients at Marseille public hospitals from August 2007 through January 2009. Interviews of these 3 patients (A, B, and C) by their physician to identify previously hypothesized or novel risk factors for HEV infection revealed that they had eaten raw figatellu 4-5 weeks before hepatitis onset. The questionnaire used for this investigation addressed occupation, contact with animals, food, exposure to water, travel abroad, and transfusion within the 2-9 weeks preceding acute hepatitis, which corresponds to the incubation period of the disease [1] . Subsequently, 15 family members of the 3 patients were interviewed retrospectively, after giving their informed consent, with the same questionnaire used for patients A, B, and C. Anti-HEV antibody and HEV RNA testing was performed on serum samples from the family members of each case patient in the 0-21 weeks following acute hepatitis in that patient.
Diagnosis of HEV infection. Immunoglobulin M (IgM) and immunoglobulin G (IgG) anti-HEV antibody testing was performed with EIAGen kits according to the manufacturer's instructions (Adaltis; a test/cutoff optical density ratio of у1 was considered to indicate a positive result) [37] . HEV RNA was detected by means of real-time PCR and sequenced by means of in-house protocols that targeted the open reading frame 2 region of the genome, as described elsewhere [14] . Acute or recent HEV infection was defined by positive testing for the presence of HEV IgM antibodies and/or HEV RNA detection and sequencing in serum samples.
HEV RNA testing of pig liver sausage. Twelve figatelli purchased in different grocery stores in southeastern France were tested for the presence of HEV RNA. Slices of the sausages were manually sorted to discard fat. Thereafter, they were mixed in 10% (weight per volume) sterile phosphate-buffered saline in a final volume of 1 mL and were clarified by centrifugation at 10,000 g for 5 min. Two hundred microliters of the clarified material was used for total viral RNA extraction, using the EZ1 Virus Mini kit (version 2.0) on the BioRobot EZ1 workstation (Qiagen). HEV RNA detection and sequencing were then performed as described elsewhere [14] .
Study of genetic links between viral nucleotide sequences. HEV genotype and subtype (as defined by Lu et al [38] ) were determined by phylogenetic analysis with a set of published HEV sequences (Figure 2 ). To test for genetic links between the HEV sequences from patients A, B, and C reported herein and those recovered from the figatelli, we considered 3 main groups of HEV sequences for phylogenetic analysis and identity score analysis. The first group comprised 49 HEV sequences that were previously recovered from patients, including those whose cases are reported here, who received a diagnosis of hepatitis E at our institution in southeastern France. Detailed epidemiological data were not available in most of the cases. However, in addition to the 3 patients whose cases are reported here, 3 other patients were known to have eaten raw figatellu during the incubation period of hepatitis E, whereas consumption of figatellu was excluded in 5 other patients. These 8 patients were not included in the case-control study. The second group of HEV sequences comprised another set of 42 HEV RNA sequences recovered from patients with hepatitis E who were diagnosed in Toulouse in southwestern France [39] , a region where consumption of figatellu is much less common. Finally, the 3 best Basic Local Alignment Search Tool (BLAST) hits (http://www.ncbi.nlm.nih.gov/BLAST/) on HEV nucleotide sequences recovered in the present work were also studied. Nucleotide identity scores were analyzed using BioEdit software (version 7.0.9.0; http://www.mbio.ncsu.edu/BioEdit/bioedit .html). Regarding the phylogenetic analysis, besides the HEV sequences recovered in the present study and those used to determine the genotype and subtype, only sequences that were clustered in a first-step analysis with those recovered here, as defined by a bootstrap value of 150%, were kept in the analysis to build the final tree. GenBank (http://www.ncbi.nlm.nih.gov/ genbank/) accession numbers for the sequences recovered in this study are shown in Figure 2 .
Statistical analysis. Statistical analysis was performed using Epi Info software (version 3.5.1; http://www.cdc.gov/ epiinfo/epiinfo.htm). Results for which were considered P ! .05 to be statistically significant. Proportions were compared using the x 2 test.
RESULTS
Intrafamilial case reports and case-control study. Epidemiological, clinical, and biological characteristics of all individuals studied here are shown in Table 1 . Patient A was a 25-year-old man who received a diagnosis of acute hepatitis E in September 2007. The only risk factor for HEV infection that was identified was consumption of raw figatellu 5 weeks before hepatitis onset, during a familial meal shared with his wife, his sister, and his mother ( Table 2 ). The pig liver sausage had been purchased the day before the meal in a supermarket grocery in the Vaucluse department in southeastern France. The mother and the sister (family members FM1-A and FM2-A, respectively) of patient A presented with acute hepatitis 5 days before and 1 week after he did, respectively, and HEV infection was retrospectively diagnosed in serum samples collected outside our institution at hepatitis onset. In contrast, the wife of patient A (family member FM3-A), who was pregnant, did not show clinical or biological evidence of HEV infection. During the meal shared by the 4 family members (which included cooked pork meat), the only dish that was eaten by the 3 case patients and not by the pregnant wife of patient A was raw figatellu. No other risk factor for HEV infection common to the 4 individuals was identified during the incubation period of the disease, apart from contacts with a pet dog. Moreover, the timing of symptomatic onset in the 3 case patients was compatible with a single contamination source, and HEV sequences from the 3 case patients were 100% identical and were classified into genotype 3f, which is the most frequently encountered genotype in France and Western Europe ( Figure 2 ) [32, 33, 39] . Patient B, a 40-year-old man, was one of the investigators. The only risk factor for HEV infection that was identified was consumption of raw figatellu during a familial meal 7 weeks before hepatitis onset ( Table 2 ). The figatellu had been purchased in a supermarket in Corsica, France. Eight adults and 2 children from the same family shared the meal that included the pig liver sausage. These family members were tested 7-26 weeks later (Table 1 ; Figure 3 ). Among these persons, 2 (20%) tested positive for anti-HEV IgM antibodies. Both persons had eaten raw figatellu, and asthenia was retrospectively reported by one of them. No other common risk factor for HEV infection was found in these 2 family members. On the contrary, the mother (family member FM10-B), the aunt (family member FM9-B), and the pregnant wife (family member FM8-B) of patient B, none of whom ate the sausage, tested negative for acute or recent HEV infection. The HEV sequence recovered from the serum sample from patient B was of genotype 3f, but it was not clustered with the HEV sequences recovered from family A. Patient C was a 55-year-old woman who received a diagnosis of acute hepatitis E in January 2009. She had eaten raw figatellu once, 5 weeks before the onset of clinical hepatitis. The figatellu had been purchased in a supermarket in Marseille (in southeastern France). The daughter of patient C, who also ate the figatellu during the same meal, reported asthenia but tested negative for anti-HEV IgM and IgG antibodies in a blood sample that was collected 20 weeks after the onset of hepatitis in her mother (Table 1; Figure 3 ). The husband of patient C did not eat the sausage. He reported no clinical symptoms and tested negative for anti-HEV antibodies. No other common risk factor for HEV infection was identified in this family. The HEV sequence recovered from the serum sample from patient C was classified into genotype 3f and was not clustered with those recovered from members of families A or B.
In the whole population studied here, the consumption of raw figatellu was statistically significantly linked to HEV infection. Thus, all 7 patients who tested positive for HEV RNA and/or anti-HEV IgM antibodies, indicating acute or recent HEV infection, had eaten raw figatellu, compared with 6 of 11 (55%) persons with no such virological markers ( ) P p .041 (Table 1; Figure 3 ). In addition, the proportion of persons who ate raw figatellu was statistically significantly higher among patients with positive anti-HEV IgG antibody test results (6 of 6 persons) than among persons with negative anti-HEV IgG antibody test results (5 of 10 persons) ( ). Moreover, P p .043 asthenia was statistically significantly more frequent among persons who ate raw figatellu (9 of 13 persons) than among those who did not eat raw figatellu (0 of 5 persons;
). Hep-P p .015 atitis onset occurred 5-7 weeks following consumption of the sausage (mean, 5.4 weeks). The clinical attack rate was 36%, and 5 (71%) of 7 individuals with virological markers of acute or recent HEV infection reported clinical symptoms to a physician during acute hepatitis. In all PCR-documented cases of hepatitis E, clinical and biological outcomes were favorable within a maximal duration of 8 weeks.
HEV detection in pig liver sausages. We tested 12 figatelli purchased in different grocery stores in southeastern France for the presence of HEV RNA to investigate whether they may represent sources of HEV transmission through ingestion. Two sausages (no. 1 and 2) were purchased in the same supermarket and from the same manufacturer as the one eaten by patient B, and the other 10 sausages (no. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] were randomly purchased in supermarkets in Marseille. Scraps of sausage that had been eaten by patients A, B, and C could not be obtained. HEV RNA was detected in 7 (58%) of the 12 figatelli by use of realtime PCR ( Figure 1B ) and sequencing. These results were reproduced at least twice in distinct manipulations. On the basis of the real-time PCR results, we estimated that figatelli might contain 10 3 -10 6 HEV RNA copies per slice. Genetic relationship between HEV sequences recovered from figatellu and those from patients who ate figatellu. Eight HEV sequences were recovered from the 7 figatelli. They were classified into genotype 3, with 3 sequences being most closely related to subtype f, 2 sequences to subtype e, and 1 sequence to subtype c; 2 sequences could not be classified into any subtype. It is noteworthy that 2 distinct HEV sequences (genotypes 3f and 3e) were recovered from figatellu no. 2 ( Figure 2) . The most similar sequences found for 2 of the 8 HEV sequences recovered from the figatelli were recovered from 2 patients who ate raw figatellu and in whom hepatitis E was diagnosed in our laboratory; the identity scores were 99.4% in both cases. One of the 2 patients was patient C, and the second patient was a kidney transplant recipient who was known to frequently eat uncooked figatelli and from whom HEV sequences that were most closely related to genotypes 3c and 3e had been recovered concurrently in 3 sequential serum samples (GenBank accession no. FJ951641 and GQ427003) (Figure 2 ). HEV sequences recovered from patients who ate cooked pig liver were the most similar to 3 other sequences recovered from the figatelli. The highest nucleotide identity scores between each HEV sequence recovered from patients who ate raw figatellu and HEV sequences recovered from figatellu were 92.2%-99.4% (mean score, 96.5%; median score, 96.3%).
Scores of 198% between HEV sequences recovered from figatelli and those recovered from humans were statistically significantly more frequent for cases of hepatitis E diagnosed in Marseille in southeastern France (6 cases) than for cases diagnosed in Toulouse in southwestern France (0 cases; P p ), where consumption of figatellu is far less common than .023 in southeastern France. Such high levels of identity with HEV sequences recovered from figatelli were also statistically significantly more frequent for sequences recovered from individuals who ate raw figatellu (4 cases) than for sequences recovered from individuals in Toulouse who received a diagnosis of hepatitis E (0 cases; ) or for sequences corresponding to Ϫ3 P ! 10 the best BLAST hits on those recovered from figatelli (1 case;
). Upon phylogenetic analysis, 3 (43%) of the 7 HEV P ! .005 sequences recovered from humans who ate raw figatellu were clustered with sequences recovered from figatelli with a bootstrap value of 190%, compared with 1 (2.4%) of 42 sequences from other patients in Marseille who received a diagnosis of hepatitis E ( ) and 1 (2.4%) of 42 sequences from pa-P 1 .001 tients with cases that were reported in Toulouse ( ). P 1 .001
DISCUSSION
The present study provides strong evidence that autochthonous HEV infections in southeastern France were linked to consumption of raw figatellu. This was first suggested by a casecontrol study conducted with 3 families that showed a statistically significant correlation between consumption of raw figatellu and acute or recent HEV infection (Figure 3 ). The timing of clinical symptom onset was compatible with infection through consumption of raw figatellu in all cases. In addition, the anti-HEV IgG seroprevalence rate was 54% among individuals who ate raw figatellu, which is far higher than that found among blood donors in Marseille in a preliminary study (8%; Pierre Gallian et al, unpublished data, July 2008) and those found in 2 other French studies (3.2% in the northern part of France [36] and 16.6% in southwestern France [19] ). Transmission of HEV between members of each family is very unlikely considering the chronology of hepatitis onset in family A, and previous findings indicated that secondary transmission of HEV is very rare [40, 41] .
In a second step, we detected HEV RNA in 7 of 12 figatelli purchased in supermarkets, at titers of up to ∼10 6 copies per slice of sausage. The recovery of 2 HEV sequences of different subtypes of genotype 3 from the same figatellu might be explained by a mix of several HEV-infected pig livers in the manufacture of the sausage or by co-infection with 2 HEV strains of a single pig, the liver of which was used. Indeed, different HEV genotypes have been recovered previously from pigs at the same farm [10, 42, 43] , and co-infection of a pig with 2 different genotypes has also been observed [10, 44] .
Finally, some HEV RNA sequences that were recovered from patients who ate raw figatellu were the most similar to sequences that were recovered from figatelli, with identity scores of 199% at the nucleotide level. As a comparison, the nucleotide divergence is 12.6%-19.8% at the subtype level and 2.0%-10.1% at the isolate level, when comparing the 5 end of the open reading frame 2 region that is targeted by our sequencing assay [38] . A statistically significant genetic relationship was also observed between sequences recovered from a figatellu and sequences recovered from patients who ate raw figatellu. Moreover, the former sequences were statistically significantly closer to those recovered from humans who presented with autochthonous hepatitis E in southeastern France than those recovered from humans with hepatitis E in southwestern France, where consumption of raw figatelli is far less common. Similarly, it is striking that most cases of autochthonous hepatitis E reported in France have occurred in its southern part, where most pig liver sausages are manufactured and eaten [32, 33, 35] .
Our finding that figatellu represents a source of HEV infection in humans makes sense. Although transmission routes of autochthonous hepatitis E in industrialized countries remain unknown in most cases, it has been established that pigs are major HEV reservoirs [1, 2, 4] . Thus, pig farms very frequently contain infected pigs, and within farms, prevalence rates of IgG anti-HEV antibodies and HEV RNA detection of 150% have been commonly reported [8, 11, 12] . In France, an ongoing national survey indicates high seroprevalence rates, with 190% of growing farms having seropositive pigs and seroprevalence rates within farms of 2.5%-80% [29] . Moreover, HEV sequences that were recovered from pigs and from humans with autochthonous hepatitis E in industrialized countries belong to genotypes 3 or 4 and have been found to be highly similar or even identical in some cases [1, 4, 8, 38, 45] . Several studies have shown that pigs mostly carry HEV at ∼3 months of age, but HEV RNA has been detected at rates as high as 41% in feces and serum samples from 6-month-old pigs, at the age when they are led to slaughterhouses [9] [10] [11] . Moreover, HEV RNA has been previously detected in 1.9% of raw pig liver pieces sold in grocery stores as food in Japan, 3% of pieces in France, 6.5% of pieces in the Netherlands, and 11% of pieces in the United States, with viral loads as high as 10 7 copies per gram of liver [28] [29] [30] [31] .
These data raise the question of whether HEV transmission might occur following ingestion of pig-derived food products. Two studies have reported cases of acute hepatitis E after consumption of raw or undercooked pig meats [7, 28] . These cases have occurred in Japan, where eating habits include the consumption of raw liver from mammals [23] . In 2 studies, epidemiological investigations and phylogenetic analyses strongly argued that pig livers are a source of HEV infection, although no ingested meat could be retrospectively tested [7, 28] . Yazaki et al [28] reported that 9 patients developed hepatitis E within 2-8 weeks of consumption of grilled or undercooked pig liver. In addition, HEV sequences recovered from pig livers that were purchased afterward in grocery stores were closely related or identical to those recovered from the patients. More recently, Matsubayashi et al [7] described the investigation of a transfusion-associated HEV infection, which revealed that among 13 family members who enjoyed grilled pork liver and/or intestines, 2 presented PCR-documented hepatitis E and 6 others showed serum markers of HEV infection. Moreover, HEV RNA sequences from the 2 case patients showed 99.3% identity with that previously recovered from a pig liver [28] .
Our study extends these findings to a French-manufactured pork product, figatellu, which is a very good candidate for a source of HEV transmission. First, it is made with pig liver, in which viruses multiply and can be found at high titers [28] . Second, this sausage is only smoked for a few days while it is being manufactured and is commonly eaten raw, which may contribute to its potential infectivity. In our study, all patients who developed hepatitis E had eaten the figatellu uncooked, which points out the risk for enteric transmission of pathogens that is associated with eating raw food [46, 47] . This is a major issue, since it has been shown that HEV in contaminated commercial pig livers can be effectively inactivated if the meat is cooked properly (at an internal temperature of 71ЊC for 5 min or boiled in water for 5 min), whereas incubation at 56ЊC for 1 h can be insufficient to inactivate the virus [31, 48] .
In conclusion, the present findings strongly support the hypothesis of HEV transmission through ingestion of raw pig liver sausage. These preliminary data prompt further large-scale studies to assess the prevalence of HEV in these food products and of HEV infection through this transmission route. In any case, consumption of raw figatellu represents a public health concern, considering the high frequency of consumption of this sausage in France and the high mortality rate observed for symptomatic hepatitis E in developed countries, which was 8%-11% in some studies and might increase to 70% for individuals with underlying liver diseases [1, 49] . Therefore, our findings were influential in convincing the French public health authorities to compel manufacturers of pig liver sausages to note on the packaging that the sausages must be cooked thoroughly, starting in May 2009 ( Figure 1C ) [50] .
